The adrenal gland is a composite endocrine organ with vital functions that include the synthesis and release of glucocorticoids and catecholamines. To define the molecular landscape that underlies the specific functions of the adrenal gland, we combined a genome-wide transcriptomics approach using messenger RNA sequencing of human tissues with immunohistochemistry-based protein profiling on tissue microarrays. Approximately two-thirds of all putative protein coding genes were expressed in the adrenal gland, and the analysis identified 253 genes with an elevated pattern of expression in the adrenal gland, with only 37 genes showing a markedly greater expression level (more than fivefold) in the adrenal gland compared with 31 other normal human tissue types analyzed. The analyses allowed for an assessment of the relative expression levels for well-known proteins involved in adrenal gland function but also identified previously poorly characterized proteins in the adrenal cortex, such as the FERM (4.1 protein, ezrin, radixin, moesin) domain containing 5 and the nephroblastoma overexpressed (NOV) protein homolog. We have provided a global analysis of the adrenal gland transcriptome and proteome, with a comprehensive list of genes with elevated expression in the adrenal gland and spatial information with examples of protein expression patterns for corresponding proteins. These genes and proteins constitute important starting points for an improved understanding of the normal function and pathophysiology of the adrenal glands. (Endocrinology 158: 239-251, 2017) T he adrenal glands are essential to life, with functions primarily related to the stress response. They consist of the catecholamine-producing adrenal medulla, innervated by sympathetic nerves, and the corticosteroidproducing adrenal cortex, regulated by pituitary adrenocorticotropic hormone (1). The cortex forms 3 distinct layers, the outermost zona glomerulosa (zG), the middle zona fasiculata (zF), and the inner zona reticularis (zR). Histologically, the different layers are easily distinguishable. The zG is mainly involved in synthesis of aldosterone, the zF in glucocorticoid production, and the zR in sex-hormone production. Biological markers for the differentiation of the different histological layers are rare and include CYP11B2 for zG and CYP17A1 for zF (2). The chromaffin cells of the adrenal medulla are of nervous system origin and produce catecholamine, adrenaline, and noradrenalin. Specialization of chromaffin cells in the adrenal medulla has been previously described; however, the spatial distribution of cells with specific function is unknown (3, 4). In addition to glucocorticoids and catecholamines, mineralocorticoids, sex steroid hormones, a number of other peptide hormones are produced in the adrenal gland [e.g., neuropeptide Y (NPY), enkephalins, vasoactive intestinal peptide]. Most of these hormones appear to have both a systematic effect and also direct paracrine effects on neighboring 
T he adrenal glands are essential to life, with functions primarily related to the stress response. They consist of the catecholamine-producing adrenal medulla, innervated by sympathetic nerves, and the corticosteroidproducing adrenal cortex, regulated by pituitary adrenocorticotropic hormone (1) . The cortex forms 3 distinct layers, the outermost zona glomerulosa (zG), the middle zona fasiculata (zF), and the inner zona reticularis (zR). Histologically, the different layers are easily distinguishable. The zG is mainly involved in synthesis of aldosterone, the zF in glucocorticoid production, and the zR in sex-hormone production. Biological markers for the differentiation of the different histological layers are rare and include CYP11B2 for zG and CYP17A1 for zF (2) . The chromaffin cells of the adrenal medulla are of nervous system origin and produce catecholamine, adrenaline, and noradrenalin. Specialization of chromaffin cells in the adrenal medulla has been previously described; however, the spatial distribution of cells with specific function is unknown (3, 4) . In addition to glucocorticoids and catecholamines, mineralocorticoids, sex steroid hormones, a number of other peptide hormones are produced in the adrenal gland [e.g., neuropeptide Y (NPY), enkephalins, vasoactive intestinal peptide]. Most of these hormones appear to have both a systematic effect and also direct paracrine effects on neighboring cells for intra-adrenal communication to maintain homeostasis under different physiologic conditions (5) .
To provide a foundation for basic knowledge of the adrenal gland and disease states affecting the adrenal gland, it is important to characterize the molecular constituents of an intact normal adrenal gland. Transcriptomics analysis using genome-wide messenger RNA (mRNA) analysis allows for a quantitative assessment of genes expressed in a defined biological sample. It thus provides the method for defining the gene expression landscape that underlies the normal function of the various cell types contained within an organ. A multitude of studies, mainly using microarray-based technologies and included in the Gene Expression Omnibus (6) and ArrayExpress (7) databases, have mapped human gene expression (8) . Microarray-based studies have previously been applied to diseases related to the adrenal gland [e.g., pheochromocytoma; reviewed by Cascón and Tennant (9) ] and to compartments of the normal adrenal cortex (10) . Recently, deep sequencing of RNA (RNA-Seq) has enabled a more quantitative and sensitive analytical method to determine mRNA expression levels. Studies using RNA-Seq have identified tissue-specific gene expression patterns in a wide range of organs and cell types (11) . However, the normal adrenal gland was not included in these large-scale cross-tissue comparisons. We have provided a comprehensive study of the adrenal gland using RNA-Seq. The adrenal gland was, however, included in a comprehensive study in which the transcriptome of 32 normal tissues was compared, and nonbiased hierarchal clustering analysis showed that the adrenal gland clusters most closely with the ovary (12) .
On the protein level, ongoing efforts to comprehensively describe the proteomic landscape of healthy human tissues include both antibody-based protein expression profiling as presented on the Human Protein Atlas database (available at www.proteinatlas.org) (13) (14) (15) and efforts using mass spectrometry (16, 17) . Although mass spectrometry-based technologies provide data representing a complex mixture of all proteins present in a tissue extract, antibody-based immunohistochemistry (IHC) allows for an assessment at the cellular resolution to determine protein expression in defined compartments and specialized cell types.
The power of combining global mRNA sequencing with protein profiling to map gene expression in normal tissues has recently been demonstrated (12) . In the present study, we used this strategy to analyze the specific pattern of gene expression in the normal adrenal glands. The transcriptomics data were combined with IHC-based protein expression data to allow for spatial assessment of the corresponding proteins in the histological compartments of the adrenal gland.
Materials and Methods

Human tissues
All fresh-frozen (18) and paraffin-embedded tissue samples used in the present study were acquired from the Uppsala Biobank and the Department of Clinical Pathology, Uppsala University Hospital, Uppsala, Sweden. IHC-based protein profiling was performed on 44 different formalin-fixed and paraffinembedded tissue types in a tissue microarray (TMA) format (19) and a full section of a human adrenal gland. RNA for transcriptomics analyses was extracted from 32 different human tissue types altogether, including 27 tissue types previously described (20) . All human tissue samples used for RNA-Seq and screening of protein expression were anonymized and used in accordance with the approval and advisory report from the Uppsala ethical review board (reference nos. 2002-577, 2005-338, 2007-159, and 2011-473) .
Transcript profiling
The present study included 3 samples of normal human adrenal gland obtained from female patients (aged 36 to 62 years) who had undergone surgery for adrenocortical adenoma. All samples were sectioned and stained with hematoxylin and eosin to ascertain normal histological features in tissue specimens used for RNA extraction (Supplemental Fig. 1 ). Three 10-mm-thick sections from each frozen tissue block were collected, and total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany). The RNA samples were analyzed using the automated electrophoresis system Experion (Bio-Rad Laboratories, Hercules, CA) with the standard-sensitivity RNA chip or an Agilent 2100 Bioanalyzer System (Agilent Biotechnologies, Palo Alto, CA) with the RNA 6000 Nano LabChip Kit. A high-quality RNA with an integrity number $7.5 was used for mRNA samples preparation. mRNA sequencing was performed using Illumina HiSeq2000 and 2500 (Illumina, San Diego, CA) with a read length of 2 3 100 bases.
Analysis of data and transcript classification
The generation of RNA data has previously been described (20) . The raw sequencing reads for 20,344 transcripts were trimmed for low-quality ends using the windowed adaptive trimming software Sickle (available at https://github.com/najoshi/ sickle), with a Phred quality threshold set to 20. Reads .54 base de/users/anders/HTSeq/doc/). Differentially expressed genes were analyzed using DESeq software (available at https://www. bioconductor.org/). The statistical analysis was performed using R Statistical Environment and the "gplots" package for R (available at https://www.r-project.org/). Cytoscape, version 3.0A (24) (available at www.cytoscape.org/), was used for network analysis. Plus 1 pseudocounts were added to the data set represented in a log2 scale. The gene expression level for all genes in all samples was estimated using an average of the FPKM values for each tissue type. The detection limit was set to 1 FPKM, roughly corresponding to 1 mRNA molecule per cell (25) . The gene transcripts were classified into 6 categories according to the FPKM levels ( Table 1 ). The tissue-specific score was calculated by dividing the adrenal gland mean FPKM value by the highest FPKM value of any other tissue, the enhanced score by dividing 
Gene ontology analysis
A gene ontology (GO) analysis was performed using the GOrilla tool (Gene Ontology enRIchment anaLysis and visuaLizAtion tool) to determine overrepresented GO categories in the gene set of tissue-enriched genes. A list of all genes analyzed in the present study was used as the background list in GOrilla.
Tissue profiling
Construction of TMAs, IHC, slide scanning, and generation of protein expression data were performed in accordance with the procedures used in the Human Protein Atlas and essentially as previously described (14, 19) . In brief, TMAs were constructed to represent 44 normal tissue types, with 1-mm cores in triplicate of each tissue type. IHC was performed using an Autostainer 480 instrument (Thermo Fisher Scientific, Waltham, MA), and whole slide images were generated using the AperioScanScope XT Slide Scanner system (Aperio Technologies, Vista, CA), with a 203 objective. The outcome of IHC staining was evaluated and annotated by certified pathologists. In addition to TMAs, full-size sections from normal adrenal gland were immunostained to explore spatial expression in tissue with full cortical and medullar representation. A total of 17 different primary antibodies (Supplemental Table 1 ) was used for immunohistochemical staining.
Data availability
The primary data were published at the Array Express Archive (available at www.ebi.ac.uk/arrayexpress/) under the accession number E-MTAB-2836. The transcript profiling data (FPKM values) for all the samples and the IHCbased protein expression data, including high-resolution images, can be viewed and downloaded without any limitations from the Human Protein Atlas web portal (available at www.proteinatlas.org).
Results
Transcriptomics analysis of the adrenal gland
The transcriptomics data were obtained from RNA sequencing of fresh-frozen tissue from 122 individuals, 10 4 between the highest and lowest number of transcripts in the adrenal gland. The 3 samples representing the adrenal gland showed overall very high correlation coefficients (r = 0.97 to 0.98), shown as pairwise correlation plots [Supplemental Fig. 2(A-C) ], demonstrating a high overall similarity among the different individuals. Regarding the other tissue types, the lowest correlation was to the testis [r = 0.75; Supplemental Fig. 2(D) ] and the greatest correlation to adipose tissue [r = 0.91; Supplemental Fig. 2(E) ].
The gene expression data obtained from the 32 different tissues were classified into 6 different categories according to the relative expression level compared with the other 31 different tissue types. These expression categories are defined in Table 1 . Only 253 genes (1.2% of all 20,344 protein-coding genes) showed an elevated expression pattern in the adrenal gland compared with all other tissues, and only 5% of all mRNA molecules derived from the adrenal gland corresponded to genes with an elevated expression pattern in the adrenal gland [ Fig.  1(A) ]. These 253 genes consisted of 37 adrenal gland tissue-enriched genes (Table 2) , 88 adrenal gland groupenriched genes (Supplemental Table 2 ), and 128 adrenal gland enhanced genes (Supplemental Table 3 ). Genes with elevated expression in the adrenal gland were expressed at significantly greater levels in the adrenal gland, albeit rarely expressed uniquely in the adrenal gland, because transcripts corresponding to these genes can also be expressed in other organs at various levels [ Fig. 1(B) ]. As expected, transcripts of several genes involved in steroid hormone synthesis were detected in the adrenal cortex, including several members of the cytochrome P450 family. CYP11B1, CYP11B2, and CYP21A were the most adrenal-specific members. The 30 most abundantly expressed genes in the adrenal gland (Table 3) included house-keeping genes expressed in all analyzed tissue types, but also 7 genes with enriched expression. Of all transcripts expressed in the adrenal gland, 88% corresponded to genes expressed in all tissues [ Fig. 1(A) ].
A GO-based analysis of 37 tissue-enriched genes in adrenal gland showed the greatest enrichment for the terms "hormone biosynthetic process" (false discovery rate q value 1.16 3 10
210
) and "glucocorticoid metabolic process" (false discovery rate q value 1.08 3 10 29 ), well consistent with the main functions of the adrenal gland.
Group-enriched genes in the adrenal gland A network plot, including the 88 group-enriched genes, was generated to illustrate tissue types that share enriched gene expression with the adrenal gland (Fig. 2 ). Brain tissue shared most genes with the adrenal gland (61 of 88). Of these, 28 were exclusively shared between the adrenal gland and the brain, supporting a close relationship between specific cells in these 2 organs. Elevated gene expression in the adrenal gland was also shared with other endocrine organs, including the testis (26 genes), ovary (6 genes), and placenta (5 genes). These results highlight the dual function of the adrenal gland as both a steroid hormone-producing organ and a neuroendocrine organ.
Antibody-based profiling of genes enriched in the adrenal gland
Proteins corresponding to genes with elevated expression in the adrenal gland were analyzed using IHC-based expression data available through the Human Protein Atlas database (available at www. proteinatlas.org), containing data from 144 different normal tissues, including 3 individual samples of normal adrenal gland. Of the 253 genes with elevated expression in adrenal gland, 199 had available, validated antibodies. Antibodies toward 31 of these proteins were used to exemplify different protein expression patterns and to identify either cortical or medullary expression (Table 4 ). For 17 of these genes with elevated expression in the adrenal gland, protein profiling was performed on full sections of the adrenal gland to allow for a detailed view of either cortical or medullar expression and subcellular localization (Supplemental Fig. 3 ).
Proteins with elevated expression in the adrenal gland
The cortex forms 3 distinct layers, the outermost zG, the middle zF, and the inner zR. Histologically, the different layers are easily distinguishable, but a biochemical distinction is also present. The zG is mainly involved in synthesis of aldosterone, zF in glucocorticoid production, and zR in sex-hormone production.
Genes with elevated expression in the adrenal cortex
Highly enriched genes with protein expression in the adrenal cortex included hydroxyl-d-5-steroid dehydrogenase, 3-b-and steroid d-isomerase (HSD3B2), ferredoxin 1 (FDX1), and mitochondria-localized glutamic acid-rich protein (MGARP). FDX1 and MGARP showed homogeneous cytoplasmic expression in all 3 layers of the adrenal cortex compared with HSD3B2 [ Fig. 3(A) ], a protein that plays a crucial role in the biosynthesis of all classes of hormonal steroids expressed in zG and zF but not in zR. Both FDX1 [ Fig. 3(B) ], encoding a small ironsulfur protein involved in steroid, vitamin D, and bile acid metabolism, and MGARP [ Fig. 3(C) ], a mitochondrial transmembrane protein involved in steroidogenesis, showed a granular cytoplasmic expression pattern well consistent with mitochondrial expression in adrenocortical cells. The expression of both these mitochondrial proteins in other tissue types was either very low or lacking. The NOV protein [ Fig. 3(D) ], encoded by the nephroblastoma-overexpressed gene was also enriched in the adrenal gland. NOV showed cytoplasmic expression primarily in the zG.
In addition to genes with enriched expression in the adrenal gland, several group-enriched and adrenalenhanced genes showed expression in the adrenal cortex of the corresponding proteins. Examples of group-enriched genes include glutathione S-transferasea3 (GSTA3; [ Fig. 3(E) ], which exhibited cytoplasmic expression limited to the zR in the adrenal gland, with greatest transcript levels in the fallopian tubes, where a subset of epithelial cells showed corresponding protein expression. Cytochrome P450, family 11, subfamily A, polypeptide 1 [CYP11A1; Fig. 3(F) ] is a member of the P450 superfamily of enzymes. It is expressed in all layers of the cortex and in testicular Leydig cells, placental trophoblasts, and scattered cells in the ovarian stroma. Paternally expressed 10 [PEG10; Fig. 3(G) ], a paternally imprinted gene, showed enhanced expression mainly in a subset of placental trophoblasts, in the zG of the adrenal cortex. The FERM (4.1 protein, ezrin, radixin, moesin) domain containing 5 [FRMD5; Fig. 3(H) ], encoding a putative protein of unknown function, was expressed in cerebral cortex, heart muscle, the zF and zR in the adrenal cortex, and Leydig cells in the testis.
Genes with elevated expression in the adrenal medulla
Several of the genes with enriched expression in the adrenal gland were well known and directly related to catecholamine synthesis, such as tyrosine hydroxylase (TH), phenylethanolamine N-methyltransferase (PNMT), and dopamine b-hydroxylase (DBH). TH, DBH, protein tyrosine phosphatase, receptor type N, and ELAV-like neuron-specific RNA-binding protein 4 (ELAVL4) were all expressed homogenously in all cells of the adrenal medulla [ Fig. 4(A-D) ]. All showed cytoplasmic expression, except for ELAVL4, which was expressed in nuclei. In addition to being expressed in the adrenal gland, DBH was expressed around the central veins of the liver, protein tyrosine phosphatase, receptor type N was expressed in the brain and islet cells of the pancreas, and ELAVL4 was expressed in the brain and testis [ Fig. 4(G) ].
NPY showed comparably high FPKM values in the brain and adrenal gland, where cytoplasmic expression of a subset of adrenomedullary cells was seen, along with staining of nerves within the adrenal cortex [ Fig. 4 (E) and 4(G)].
PNMT and NPY showed a heterogeneous expression pattern, with only some of the medullary cells stained. PNMT was expressed in most cells in the periphery of the adrenal medulla, but the central part showed little or no staining [ Fig. 4(F) ]. NPY showed the opposite staining pattern, with only a few cells stained preferentially in the central parts of the adrenal medulla.
Discussion
We performed a comprehensive analysis of the gene expression landscape of the adrenal glands to define genes with different degrees of "specific" expression compared with 31 other normal human organs and tissue types. The analysis showed that just .1% of all putative protein coding genes (253 genes) had an elevated expression pattern in the adrenal glands.
Using IHC, we were able to further investigate the spatial distribution and the subcellular localization of the corresponding proteins within the compartments of the adrenal gland. The protein expression patterns of 31 proteins with elevated expression in the adrenal gland were explored, and 17 of these proteins were localized in the adrenal cortex and 14 in the adrenal medulla. Several proteins showed heterogeneous expression patterns within the major compartments of the adrenal gland and could be localized to specific subpopulations of cells. Two proteins, NOV and PEG10, with unknown function in the adrenal gland, were predominantly expressed in the zG. NOV belongs to the CCN family of proteins that are nonstructural elements of the extracellular matrix and regulate processes that include differentiation, migration adhesion, and survival (26) . PEG10 is required for placental development (27) and early adipocyte differentiation (28) . The functional role of NOV and PEG10 expression in the zG of the adrenal cortex remains to be elucidated.
The possibility of distinguishing between adrenaline-and noradrenaline-secreting cells was discovered using the electron microscope (29) and later IHC (3). The spatial distribution of these cells in different press.endocrine.org/journal/endo The PNMT protein appeared to be expressed at the greatest levels in the peripheral regions of the medulla, adjacent to the cortex. (G) At higher magnification, it is evident that several genes with elevated expression in the adrenal gland and protein expression in the medulla also are expressed in small nerve fibers in the adrenal cortex (e.g., TH, PTPRN, and NPY). In addition to specific protein expression patterns in the adrenal gland, several of these proteins also showed distinct expression in a few other tissue types (e. regions of the medulla has, to the best of our knowledge, not been previously described. PNMT, essential for adrenaline synthesis, was mainly expressed in the peripheral parts of the adrenal medulla. In contrast, NPY was only expressed in a small subset of cells, mainly in the central part of the adrenal medulla. These results exemplify and imply that not only are specialized cells, lacking clear morphological differences, present within the adrenal medulla that are involved in the production of different hormones, but also that these cells are localized to different compartments within the gland. DBH showed strong cytoplasmic staining in essentially all cells of the adrenal medulla. Transcripts of DBH, which converts dopamine to noradrenaline, were also detected in the liver. The pattern of protein expression was peculiar, showing localized protein expression around the central veins. It has been suggested that hepatic fibrogenesis requires sympathetic neurotransmitters (30) , and our findings indicate that noradrenaline is constitutively produced in the liver in a small subset of hepatocytes. However, TH is also required for catecholamine synthesis, and no evidence of TH expression was found on either the protein or the transcript level in the liver, rendering endogenous catecholamine synthesis in the liver unlikely. This suggests that the substrate for DBH expressed in the liver hepatocytes is something other than dopamine.
A number of genes with elevated expression in the adrenal gland were earlier shown to be implicated in various diseases. The adrenal cortex-expressed protein AKR1B1 belongs to the aldo-keto reductase superfamily and has been shown to catalyze the reduction of glucose to sorbitol during hyperglycemic conditions, which have been linked to secondary diabetic complications (31, 32) . NOV has, in recent years, been suggested to have a role in the cancer immune response (33) and obesityrelated inflammation (34) . Another protein recently suggested to be involved in tumor progression is FRMD5 (35), a putative cytoskeleton protein with unknown function. The ELAVL4 gene, also known by the name HuD, is a gene that might play a role in neuronspecific RNA processing, and the corresponding protein is a well-known autoantigen in paraneoplastic encephalomyelitis (36) . Thus, an autoimmune influence on the adrenal medulla might be a part of this elusive clinical syndrome.
Because the present study included the results from analyzing only 3 individual human adrenal glands, potentially limiting the reliability of the data set, we also performed a thorough comparative analysis with the mRNA expression data available at the GTEx (genotype-tissue expression) Portal (available at http:// www.gtexportal.org/home/) (37) . Regarding the adrenal gland, 145 individual adrenal gland specimens were analyzed, and the gene lists provided in our present report were shown to be essentially the same as equivalent gene lists derived from the GTEx data. Thus, we are very confident that the data we have presented are valid and represent the true gene expression landscape of human adrenal glands.
In conclusion, we have provided a comprehensive analysis of the adrenal gland transcriptome, with examples of specific expression patterns of the corresponding proteins. The data obtained from these analyses should propel further studies of the presented genes and proteins with unknown function. The combination of quantitative transcriptomics and IHC-based protein profiling could be extended to adrenal glands affected by disease to gain further insight into the determining factors causing adrenal gland dysfunction. We anticipate that the presented data and analysis strategy will be useful tools for both basic and clinical research within the field of endocrinology.
